The hot deformation behavior of X20Cr13 martensitic stainless steel was studied using the hot compression flow curves corresponding to the temperature range of 900-1150
Introduction
Dynamic recrystallization (DRX) is one of the most important restoration mechanisms during hot deformation, affecting the final microstructure, and therefore, DRX has been increasingly used to control the microstructure evolution to obtain the finer grains. Due to the growing importance of hot deformation in metal forming there is an increasing interest in understanding the critical conditions in which DRX is initiated during hot deformation, such as multipass hot rolling and multipass stretching processes, as it determines if metadynamic recrystallization (MDRX) occurs during interpass time [1, 2] . Typically, DRX takes place by the appearance of a peak in the stress-strain curves under the condition of a constant strain rate. However, DRX actually occurs before the strain peak corresponding to the stress peak. This threshold strain is known as the critical strain for initiation of DRX. The critical strain for DRX mainly depends on the chemical composition of the material under consideration, the grain size prior to deformation, and the deformation schedule [3, 4] . Generally speaking, there are mainly two methods to determine the critical strain: (1) mathematical analysis for the work hardening ( = / ) curves [2, 3, 5-10] and (2) metallography investigation [1, 11] . Besides all of these, there are also some other attempts to predict the initiation of DRX. For example, an equation for the critical strain for onset of DRX was developed by recasting an empirical kinetics equation of static recrystallization (SRX) [12] . On the basis of a dislocation density work hardening model, the critical strain for initiation of DRX was investigated by Gottstein et al. [13] . Martensitic stainless steels are usually used for manufacturing components with excellent mechanical properties and moderate corrosion resistance such as turbine blades, steam generators, pressure vessels, and medical treatments. The annual consumption of stainless steel has increased at a compound growth rate of 5% over the last 20 years, surpassing the growth rate of other materials [14] . X20Cr13 stainless steel, which is widely used in the manufacture of low pressure steam turbine moving blades and low pressure bypass valves of fossil fuel and nuclear power plants, has a martensitic microstructure containing spheroidized carbides [15] . However, there is almost no information on the hot deformation behavior of this important engineering steel. Thus, the main objective of the present work is to study the effect of deformation temperature and strain rate on the compressive deformation characteristics of X20Cr13 martensitic stainless steel by hot compression tests. At the same time, a new mathematical model was proposed to estimate the flow stress under hot deformation conditions up to the peak of the flow curves. The critical strains for dynamic recrystallization were also derived by using the developed model.
Experimental Material and Procedures
X20Cr13 martensitic stainless steel with a chemical composition (wt.%) of 0.19C-0.131Cr-0.18Si-0.16Mn-0.02P-0.004S-(bal.)Fe was used in this investigation. Cylindrical specimens for hot compression test with a diameter of 10 mm and a height of 15 mm were machined from the as-received hot forged bar according to the ASTM E209 standard [16] . The hot compression tests were carried out according to the schedule illustrated in Figure 1 on a Gleeble-1500D thermomechanical simulator. The specimens were heated to 1150 ∘ C at a heating rate of 10 ∘ C/s and held for 3 min and then cooled to the test temperature at the cooling rate of 10 ∘ C/s. Then, the specimens were held at the forming temperature for 30 seconds to get a uniform temperature distribution. The tests were performed at 900 ∘ C, 950 ∘ C, 1000 ∘ C, 1050 ∘ C, 1100 ∘ C, and 1150 ∘ C and strain rates of 0.01 s −1 , 0.1 s −1 , 1 s −1 , and 10 s −1 , respectively. The true stress-strain curves were recorded automatically in the isothermal compression process. All specimens were compressed to a true stain of 0.8 and then instantly quenched into cold water in order to preserve the hot deformation microstructure. In order to minimize the friction between the specimen and the die during hot compression, the flat ends of the specimens were covered by a lubricant consisting of graphite powder and machine oil. Finally, the quenched specimens were sliced along the axial section. The sections were polished and etched with 10% sulphuric acid aqueous solution and optical micrographs were recorded. The microstructure evolution was observed using Axio Imager M2m (Zeiss). The grain size was determined using the line intercept method in two vertical directions as per ASTM E112-88 [17] . The distance between adjacent parallel lines was 10 m, and the total true length of the measuring line exceeded 1000 mm. The average grain size characterized as equivalent circle diameter was calculated by multiplying the intercept length by a factor of (4/ ) 1/2 . The grain size distribution was obtained by dividing the number of grains in a certain range of the average grain diameter by the total number of measured grains. The microimage analysis and process software were used to analyze the optical micrographs.
Results and Discussion

Hot Deformation Flow
Curves. The true stress-strain curves obtained from hot compression tests at different deformation temperatures and strain rates are shown in Figure 2 . It is obvious that the true stress-strain curves are sensitive to deformation temperature as shown in Figure 2 (a). The flow stress will decrease with the increase of deformation temperature. The reason mainly has the following aspects: the increase of deformation temperature increases the rate of the vacancy diffusion, cross-slip of screw dislocations, and climb of edge dislocations [18, 19] . It also can be found that the dynamic softening phenomenon is especially sensitive to the strain rate from Figure 2(b) . At the strain rates of 0.01 s −1 and 0.1 s −1 , most of the curves show a single peak followed by a decrease of stress and finally reach a plateau, which implies the occurrence of the DRX phenomenon. At the strain rates of 1 s −1 and 10 s −1 for all the deformation temperatures, the true stress-strain curves obviously show dynamic recovery character. It can be explained that at higher strain rates, there is no enough time for the nucleation and growth of DRX grains and dislocation annihilation [20] .
Calculation of Activation Energy for Hot Deformation.
The relationship among the flow stress, the deformation temperature, and the strain rate in the plastic deformation of metallic materials can be expressed by using [21] =̇exp ( ) = ( ) .
In this equation, the parameter is the temperaturecompensated strain rate,̇is strain rate, is stress, is the activation energy of deformation, is gas constant (8.314 Jmol
, and is temperature. It is obvious that the parameter is also considered as a function of stress. Based on this equation, the parameter can be related to the flow stress in different ways:
where , , , , , , and ( ≈ / ) are material constants. The stress multiplier is an adjustable constant which brings into the correct range to make constant curves in lṅversus ln(sinh( )) plots linear and parallel [22, 23] . The power law description of stress (2) is preferred for low stress level while exponential law (3) is suitable for high stress level. However, the hyperbolic sine law (4) can be used for a wide range of temperatures and strain rates.
At a certain deformation temperature, substituting the ( ) into (1) and taking the logarithm of both sides and rearranging, respectively, the following expressions can be derived:
lṅ= ln (sinh ( )) + ln − ( ) .
The description of flow stress by (1) is incomplete because of lacking of strain. Characteristic stresses such as peak, steady, or the stress corresponding to a specific strain can be used for the calculation of material constants. For the fixed deformation temperature and strain, by differentiating (5), (6) , and (7), respectively, the value of , , and can be determined by using the following equations:
In this study, the relationships between the flow stress and stain rate are obtained by substituting the stress values under the strain rates of 0.01 s 13 . For a constant strain rate, partial differentiation of (7) gives
The value of activation energy is calculated as the average of slopes of the plot of ln(sinh( )) against 1/T (Figure 3(d) ). The value of is determined as 359.4 kJ mol −1 .
Characteristic Points of Flow Curves.
The characteristic points of flow curves were determined by using the methods shown in [23] and subsequently plotted in Figure 4 on a logarithmic scale with respect to using power relations. Regression analysis of these curves resulted in the following equations:
where is the peak strain, is the peak stress, is the steady-state strain, and is the steady-state stress. The exponent of 0.1082 in (12) classical literature data which has a value between 0.12 and 0.22. Meanwhile, the exponent of 0.1468 for describing stresses is consistent with previous reports on low carbon microalloyed steel [24] and medium carbon microalloyed steel [23] .
Prediction of Critical Condition for Onset of Dynamic
Recrystallization. The effect of temperature and strain rate on the flow curves of X20Cr13 steel is illustrated in Figure 2 . As can be seen from the figure, the flow curves evidently exhibit stress peak at the temperatures and strain rates investigated. It suggests that DRX has been initiated. The curves ( = / )-V (V = / ) from the present flow curves are displayed in Figure 5 . It can be found that the -V plots for different values basically fall on a single curve. In other words, the evolution function (V) within the specified range can be recognized to be value independent of X20Cr13 steel, the characteristic of which is very similar with the characteristic of the plain low carbon aluminum killed (AK) steel investigated in [2] . Therefore, once the evolution function (V) has been established, the flow stress up to the peak at any strain, strain rate, and temperature can be calculated by using the developed function. In the present study, the flow curve up to the peak stress was modeled using the newly developed equation as shown below:
Advances in Materials Science and Engineering where is stress, is peak stress, is strain, is peak strain, and and are two material constants. It should be mentioned that it is the first constitutive equation with this kind of parameters. These variables are interdependent, which can be obtained by the method of least squares. A program was developed to determine and in MATLAB (see "Appendix A"). The strain hardening rate can be obtained as the derivative of (16):
Recently, Ryan and McQueen [25] , Poliak and Jonas [2] , and Najafizadeh and Jonas [6] pointed that the initiation of DRX is associated with the inflection point in the curves of the strain hardening rate versus flow stress . Mathematically, a minimum point of / − is equivalent to a null value of the second derivative of with respect to and indicates the inflection of -curve [2]:
Therefore, construct the second differential of strain hardening rate and let the second differential be zero, and the turning point of (17) will be obtained: The solution of (19) is as follows (the derivations process is placed in "Appendix B"): Figure 7 , it can be seen that the value of the correlation coefficient is 0.9940. Figure 8 shows the plot of -for different deformation conditions. In the figure, (17) is plotted for a comparison with experimental data. The results show a good agreement between the predicted and the experimental results. Najafizadeh and Jonas suggested that the -curve can be represented by a third order equation up to the peak stress [6] . By this method, the critical stress for the onset of DRX is presented by the relationship = − 2 /3 1 , where 1 and 2 are two of the four coefficients of the third order equation. At the same time, the value of critical strain for initiation of DRX is determined by using the flow curve. Therefore, for each deformation condition, the strain hardening rate is plotted against flow stress and the third order equation that best fits the experimental -data from zero to the peak stress is obtained. Figure 9 shows the -curve and its corresponding third order polynomial. As can be seen, the 3rd curves have a good fit as previously demonstrated by Najafizadeh and Jonas [6] . Utilizing the flow curves, the values of critical stress/strain were determined. Meanwhile, the relationship between critical strain and peak strain was determined. The results are shown in Figure 10 . According to Figure 10 , the strain ratio / is 0.35. Using (20) the value of / is determined to be 0.32 which is basically close to the experimental value. It proves the applicability of the inflection analysis for calculation of critical strain by using the newly developed equations (16)- (20) .
Therefore, the critical strains for initiation of dynamic recrystallization predicted by the newly developed method can be expressed as = 0.32 = 0.004096 × 0.1082 .
It is observed that the present investigation indicates that the dynamic recrystallization occurs when the normalized strain reaches to the value of about 0.32. However, this deviates from the previous studies on steels which has been evaluated to be 0.4-0.8. It should be mentioned that, for some grades such high carbon steel, the low value of 0.32 has also been reported [26] .
DRX Microstructures.
The microstructure of X20Cr13 steel during hot compression is strongly influenced by the deformation temperature and the strain rate. Figures 11(a) and 11(b) illustrate the optical deformed microstructures of the test steel after deformation at strain rate of 0.1 s −1 and the temperature of 1000 ∘ C and 1100 ∘ C, respectively. It can be easily found that the original coarse grains are heavily elongated along the deformation direction at a relatively low temperature when the strain reaches 0.8. Meanwhile, microstructural examination of the specimen deformed at 1100 ∘ C and 0.1 s −1 (Figure 11(b) ) revealed that DRX occurs almost completely. In other words, dynamic recrystallization occurs more easily at high deformation temperature and relatively low strain rate. However, at strain rates greater than 1 s −1 , the initial grains are elongated along the deformation direction and DRX begins to occur as shown in Figure 11 (c) when the strain reaches 0.8 at the temperature of 1000 ∘ C. Figures 12(a)-12(e) show the optical microstructures of the test steel after deformation at strain rate of 0.01 s −1 under the temperatures of 950 ∘ C, 1000 ∘ C, 1050 ∘ C, 1100 ∘ C, and 1150 ∘ C, respectively. It is obvious that the dynamic recrystallized grain size is refined with decreasing the deformation temperature. The average grain sizes are measured as 17 m, 24 m, 31 m, 37 m, and 59 m for the forming temperatures of 950 ∘ C, 1000 ∘ C, 1050 ∘ C, 1100 ∘ C, and 1150 ∘ C, respectively. This is mainly because lower temperature can lead to higher deformation stored energy, refining dynamic recrystallized grain size [18, 19] .
DRX Kinetics.
Hot deformation in metals occurs by the movement of an increasing number of dislocations on specific crystal planes. The occurrence of work hardening therefore implies that, as the true strain is increased, it becomes more difficult either to generate or to move the relevant dislocations. It is generally accepted that only when dislocation density or strain reaches a critical value, dynamic recrystallization can occur during hot deformation. With the strain increasing, when multiplication of dislocation due to continued deformation and annihilation of dislocation due to dynamic softening are in dynamic balance, flow stress would keep constant, and deformation of metals would come to a steady stage in which complete dynamic recrystallization grains have equiaxed shape and keep constant size. In general, whatever technique is used, studies of dynamic recrystallization show that it progresses in a sigmoidal manner with respect to time. The basic characteristic of DRX kinetics is that there is an initial incubation period which is followed by a rate of change which is initially slow, then accelerates, and, finally, becomes slow again as the process is completed. For a constant strain rate, Kinetics of DRX can be expressed as follows [27] :
where drx is the dynamic recrystallization fraction, drx and drx are dynamic recrystallization parameters depending on chemical composition and hot deformation conditions, and , , and are the true strain, the critical strain, and the peak strain, respectively. The DRX volume fraction under different deformation conditions can be determined by either quantitative metallographic measurement or flow curve analysis. Flow curve analysis is a simpler and quicker method compared to quantitative metallographic measurement, as the latter needs a large quantity of samples to be examined and it can be difficult to precisely ascertain the new grains [28] . Here, to determine the progress of dynamic recrystallization fraction ( drx ), the following expression is employed [29] :
where denotes the flow stress if dynamic recovery is the only softening mechanism, is the saturation stress [29], is the steady-state stress. From (23), the amount of DRX is determined by further analysis of the true stress-true strain curves of DRX (Figure 2 ) under different deformation conditions. The specific methods for calculating the values of , , and can be found in Dehghan-Manshadi et al. 's work [28] . Combining (22) and (23), drx and drx are determined. As can be seen from Figure 13 , there is a linear relationship between ln(− ln(1 − drx )) and ln(( − )/ ) under different deformation conditions; therefore, the resulting equation for drx is given by
The optical micrographs under the temperature of 950 ∘ C and the strain rate of 0.1 s −1 for the strains of 0.4, 0.6, and 0.8 are shown in Figure 14 . It can be found that at strain of 0.4 DRX takes place at a relatively low level, at strain of 0.6 the volume fraction of DRX is less than 20%, and at the strain of 0.8 the volume fraction of DRX is about 50%. The comparison of the dynamically recrystallized volume fraction predicting by the developed kinetics model with the experimental results is shown in Figure 15 , which demonstrates that the predictions are in good accordance with the experimental data.
Based on the developed kinetics equations for DRX above, the effect of deformation temperature, strain, and strain rate on the volume fraction of DRX is shown in Figure 16 . As shown in the figure, the volume fraction of DRX increases with the increasing of the strain. For a certain strain, the volume fraction of DRX is higher at higher deformation temperature or lower strain rate. Therefore, at lower deformation temperatures and higher strain rates, DRX tends to be incomplete; in other words, the volume fraction of DRX is less than 1.
Grain Size of Complete DRX.
According to the above analysis, it can be found that dynamic recrystallized grain size ( drx ) mainly depends on the deformation temperature and strain rate. In other words, the dynamic grain size is a function of parameter alone independent of the accumulated strain. Some of drx and are listed in Table 1 . So drx is a power-law function of parameter as follows:
where and are the materials constants. As shown in Figure 17 , and are determined by regression analysis as = 4.373 × 10 3 and = −0.192.
Conclusions
The hot deformation behavior of X20Cr13 martensitic stainless steel has been investigated over a wide range of strain rate and temperature by uniaxial hot compression tests using Gleeble-1500D thermomechanical simulator. From this study, the following conclusions are drawn.
(1) The isothermal flow behaviour of X20Cr13 martensitic stainless steel is characterized by the typical (4) A new equation for the critical strain for DRX was derived as follows: (19) From (1), the following formula can be derived: 
B. The Derivations Process of Equation
=
